The diode-laser absorption technique was applied for simultaneous velocity and temperature measurements of an argon plume exhausted by an arcjet. The Ar I absorption line at 811.531 nm was taken as the center absorption line. The velocity and the temperature were derived from the Doppler shift in the absorption profiles and the full width at half-maximum of the plume absorption profile, respectively. From the measured plume velocity and temperature, the total enthalpy of the exhausted plume, the thrust efficiency, and the thermal efficiency of the arcjet were derived, and the performance of the arcjet was examined. The results are demonstrated to agree with results derived by other methods, and the technique can be applied to the measurement of other arcjet systems without much modification.
Introduction
Arcjet technology is of interest because an arcjet thruster can achieve a higher specific impulse and offer more fuel efficiency than state-of-the-art chemical thruster systems, although the operation of an arcjet is similar to that of a conventional chemical rocket. Arcjets have been used on spacecraft and have proved to be suitable for satellite station keeping, vehicle-orbit transfer, and other space applications. In the arcjet thruster the arc extends from a cathode tip through a throat and attaches diffusely to a nozzle anode in a low-pressure diverging section. The energy is coupled with the propellant by means of a constricted arc, and a high-speed plasma plume is generated at the nozzle exit. Because of the complexity of the physics of nonequilibrium chemistry and thermal relaxation, of electrode erosion, and of the large temperature gradients that occur in the device, most of the progress in arcjet thruster technology has been achieved through experiments. [1] [2] [3] [4] [5] [6] [7] [8] Laser spectroscopy techniques have recently been developed to provide fast, sensitive, and nonintrusive means of measuring flow parameters in supersonic combustion and hypersonic flows. Significant research during the past several decades has demonstrated a variety of optical diagnostic methods based on laser-induced fluorescence, Rayleigh scattering, and other coherent laser scattering approaches. These methods, however, generally require large and complex laser sources and other kinds of equipment that are expensive and incompatible with a wide range of applications and flight tests.
Recent progress in semiconductor diode lasers, which can operate at wavelengths in the range of 650 -1550 nm at room temperature, and, in particular, improvements in their power, reliability, and amount of spectral coverage have resulted in a continual increasing use of diode lasers in both pure and applied spectroscopy. 9 -14 This nonintrusive spectroscopic technique, which is realized by a careful line-shape analysis of the absorption profile, provides a powerful tool for studying a hypersonic or reacting flow with general control of amplitude and frequency stability with high sensitivity. One can easily tune the wavelength of a diode-laser beam by controlling the laser's working temperature and injection current. By changing these quickly it is possible to measure an unsteady flow with high temporal resolution up to the order of hundreds kilohertz. Meanwhile, their unique features, including a narrow effective linewidth and a large output, more than 10 mW, at very small emitting areas of less than 10 Ϫ4 cm 2 , allow the diode-laser absorption technique to diagnose flows with high spatial resolution by spectral scanning of a single, isolated spectral line without verifying equilibrium among electronic, vibrational, and rotational temperatures. 12, 15 In this paper we investigate the applicability of this technique to the diagnostics of a plasma plume exhausted by a 3-kW-class arcjet thruster. Because the flow velocity and the temperature correlate with the arcjet thrust, plume enthalpy, and thermal efficiency, the diagnostics of the plume by use of these arcjet properties can lead to a better understanding of the plasma dynamics of the flow field. In the measurement, the output of the diode laser is split into four components and the probe laser is focused to a small diameter in the arcjet's plume. The subsequent transmission is collected and imaged onto a photodiode detector. The velocity is determined from the Doppler shift between the absorption profiles of an argon discharge tube and the plume flow. The temperature is determined from the transition full width at half-maximum ͑FWHM͒ of the absorption profile through the plume. From the measured plume velocity and temperature, the total enthalpy of the exhausted plume, the thrust efficiency, and the thermal efficiency of the arcjet are derived and the performance of the arcjet is examined.
It has been demonstrated that diode-laser absorption spectroscopy is an effective way to monitor changes in arcjet performance by deriving the variations of the flow parameters with the different operating conditions. This procedure will be useful when the dependence of an arcjet's performance on its mass flow rates or discharge characteristics is being studied or an arcjet life test is being performed. It should be noted here that the velocities measured by this line-of-sight absorption technique are mainly those of the plume flow in the hot, homogeneous central region. The axial velocity decreases with increasing radial distance from the plume center because of viscosity and energy dissipation. Therefore the derived plume velocities and arcjet thrust efficiencies are overstated. Some further study should be made before the arcjet's efficiency can be accurately determined with this technique. Research is under way with a view to minimizing the difference between the measured and the true average axial velocities by use of an integration of measured velocities derived from different radial positions across the plume.
In the study, argon is used as the propellant and the Ar I absorption line at 811.531 nm is taken as the center absorption line. Although argon is not an interesting propellant for actual propulsion systems, the technique itself should be applicable to such systems without much modification. We clearly demonstrate that an absorption line shape detected by a photodiode can be used to yield simultaneous measurements of the velocity and the temperature in an arcjet plume and how one can apply these parameters of the flow to determine the arcjet's performance by deriving the arcjet's thrust efficiency and thermal efficiency, which are easily validated by thrust measurement and by calculation of the ratio of the heat loss and electrical input power. Measurements of other arcjet systems with other propellants could be performed by selection of the appropriate absorption line and laser diode, although some improvement in the signal-to-noise ratio should be made in the data record or some care ͑described below͒ should be taken in interpretation of the data. It should be noted that a direct line-shape analysis of the line-of-sight measurement results in a relatively high uncertainty ͑25-30%͒ in translational temperature and is unable to give the atomic number density, which is also one of the important parameters for understanding the physical process of an arcjet plume or improving the arcjet's mathematical model. Optical absorption computerized tomography is being developed to utilize such line-of-sight measurements from different locations and directions across the plume for determining maps of the plume temperature and atomicnumber density for use in further study.
Diagnostic Theory
The diode-laser absorption formula is well established by the Beer-Lambert law as 11, 16 
where ⌬I is the absorbed laser intensity, I 0 is the incident laser intensity, v is the absorption coefficient at a frequency v ͑inverse meters͒, and L is the path length of the absorption species ͑meters͒. Generally the line shape of the absorption is assumed to be a Voigt profile, which contains pressure broadening and Doppler broadening. The Voigt profile, g͑v͒, can be described by the following equation 17 :
Here ⌬v D is the FWHM of the absorption profile that is due to Doppler broadening, which can be defined as
where v 0 is the species absorption center frequency ͑hertz͒; c is the speed of light, 3 ϫ 10 8 m͞s; is Boltzmann's constant, 1.3801 ϫ 10 Ϫ23 J͞K; mЈ is the atomic mass of absorption gas ͑kilograms per kilomole͒; and T is the translational temperature ͑de-grees Kelvin͒. The Voigt profile function, V͑a, x͒, can be given by
where the Voigt parameters a and x are defined as
Here ⌬v c is the pressure-broadening width, defined as 18 ⌬v c ϭ 8.88 ϫ 10 14 c
where c 2 is the collision cross section for pressure broadening of the atom concerned ͑square centimeters͒, P is the foreign gas pressure ͑pascals͒; R is the gas constant ͑joules per mole per Kelvin͒, and mЈ and M are the atomic and molecular masses of the absorption gas and the foreign gas, respectively, ͑kilo-grams per kilomole͒.
In the case of high-temperature flows at low background pressure, the pressure-broadening width becomes much smaller than the Doppler-broadening width. If temperature ranged from 500 to 5000 K at a pressure of 0.3 Torr, the pressure-broadening width would range from 2.9 to 0.9 MHz and the Doppler width, ⌬v D , would range from 930 to 2950 MHz for an argon absorption center wavelength of 811.531 nm in Eq. ͑3͒. In addition, the natural broadening based on Heisenberg's uncertainty principle is estimated from the following equation to be ϳ5 MHz ͑Ref. 18͒:
where e and m are the electron charge and mass, respectively, f ij is the absorption oscillator strength with a value of 0.31 at the absorption center wavelength, and 0 ϭ 811.531 nm for argon.
Here we neglect both pressure broadening and natural broadening. Therefore the absorption profile can be expressed in the simpler Voigt Gaussian profile, g D ͑v͒, as follows:
With this simplification, measurement of the velocity and the temperature of the plasma flow is based on the Doppler shift ⌬v and the Doppler half-width ⌬v D , respectively. The strategy to measure the Doppler shift usually consists of simultaneous recording of the plume absorption profiles at different angles to the flow. Here the transmission beam through an argon discharge tube is used to set the relative zero point of the Doppler shift, which is determined from the relative frequency shift between the absorption profiles of the argon discharge tube and the plume flow. The flow velocity can then be derived from the following equation:
The angle of the oblique laser beam direction with respect to the gas flow, , is defined as shown in Fig.  1 . It should be noted that each species of which the flow is composed has a distribution of velocities. The mean mass velocity of the flow can be derived as
where i and V i are the local density and velocity, respectively, of species i. Here the small amount of ionization, as discussed below, is neglected and the plume velocity is assumed to be determined by the measured atom axial velocity. Translational temperatures are derived from the Doppler-broadening widths of the absorption profiles by
In general, the FWHM of the absorption profiles also results from the convolution of several other broadening mechanisms besides the ones remarked on above. The Stark broadening is caused by the random electric field of the electrons in plasma. For most atoms, because its width is a monotonically increasing function of electron number density, Stark broadening is noticeable only in an absorption profile for a relatively large electron density. The plasma of an arcjet plume has been proved to have a very low degree of ionization ͑3-4%͒. 19 Therefore the Stark broadening width, which is estimated to be less than 10 MHz, can be neglected. 20 Power broadening is important only if the atomic density of the upper level becomes comparable with that of the lower level, mainly because of large laser power or high plume temperature. The laser power can be reduced by use of a splitter or a density filter. For low intensities of the laser beam used in our experiment, as we discuss in Section 3, power broadening is avoided. The temperature distribution of the plume is reconstructed with laser absorption computerized tomography. The maximum temperature at the center line near the exit plane of the arcjet is found to be ϳ14,000 K, which is within Wien's range. Therefore this broadening does not contribute significantly to the observed FWHM. 21, 22 The FWHM is also related to the variance of Doppler profile, which is determined by the laser angle relative to the orientation angle of the velocity distribution of the plume. As described in detail in Ref. 23 , the amplitude, the center, and the width of the Doppler profile depend on the angle of the laser beam probed to the flow. The variation of the width results from uncertainty in the translational temperature measurement. It is given by the following equation:
where 2 and 90 2 are the variances of absorption profiles at an angle and perpendicular to the flow, respectively. ␤ is the flow direction, and ᑬ is the coefficient derived by the experiment, with a constant value of ϳ1.87 Ϯ 0.28 in a 300-W argon arcjet.
In our preliminary experiment we recorded the absorption profile with a laser beam perpendicular to the flow to verify that this profile has a peak position identical to the absorption profile through the argon discharge tube. Because an absorption signal with the laser beam probed into the flow at an angle of 60 deg was simultaneously detected, we determined the variations in the widths and the intensities of the absorption profiles by comparing the absorption profiles with angles of 60 and 90 deg. The variation of the absorption intensity was found to be less than 11%, and the width variation was less than 9% in most cases.
Diode-Laser Absorption Spectroscopy System
A schematic diagram of the measurement system is presented in Fig. 1 . The argon absorption line that we used is the 811.531-nm line. See Table 1 , where i and j are the transition levels, a and v are the wavelength in air and in vacuum, respectively, E i and E j are the energy levels, J i and J j are quantum numbers, and g i and g j are the statistical weights. 24 -26 A single-mode diode ͑LT017MDO, Sharp Corporation͒ is used as a laser source. It is attached to a small copper block to maintain thermal contact with a temperature controller in which a film heater, a Berthier cooler, and a sensing thermistor are bonded.
The collimating lens is set upon an adjustable block in front of the diode. Active electronic-feedback thermal control is accomplished with an ALP-7033CA LD driver ͑Asahi, Datasystems Corporation͒ to stabilize the temperature of the diode laser within 0.01 K and to adjust the laser wavelength to the center of the desired scan range. At a driving current of 65 mA at 25°C the diode laser nominally provides an output power of 40 mW at a wavelength of 810 nm. During the measurement, the laser is modulated with a 50-Hz triangular-function injection current by use of a function generator, so the laser frequency sweeps over the selected absorption line. The operating conditions for the diode-laser source are listed in Table 2 .
As shown in Fig. 1 , the output of the diode laser is split into four components. The first component is directly recorded as incident laser intensity as a function of time. The second one passes through an argon discharge tube to give the reference absorption signal, which is used in the velocity measurement. The third component passes through a Fabry-Perot ͑FP͒ etalon to provide a reference frequency spacing during scanning of the laser-oscillation frequency. The rest of the laser beam passes through the argon plume generated by the arcjet. The probe laser is introduced into the plume at an incident angle of 60 deg, 7 cm downstream of the nozzle exit. Although the signal-to-noise ratio of the absorption signals could be improved by suitable filters or by use of a more sensitive detector, TPS-708 photodiodes ͑Toshiba Electronics Corporation͒, which have high sensitivity near 810 nm, are used here as detectors. Their signals are sufficiently strong for simultaneous recording with a DL1540 Yokogawa four-channel dig- ital oscilloscope. After completion of the experiment the original data are transferred to the computer for the data processing by an SCSI bus.
Arcjet Thruster
We generate the plasma flow by heating a propellant gas to several electron volts with the electric energy in the thruster. Figure 2 shows a cross section of the arcjet thruster used in this study. It consists of a tungsten cathode, a water-cooled copper anode, and an expansion nozzle. The cathode, made of thoriated tungsten, has a diameter of 6 mm, a length of 120 mm, and a half-tip angle of 30 deg. It is located in a stagnation plenum in the converging section of the anode. The anode has a 3-mm-long constrictor channel with a diameter of 2 mm. An extended nozzle is made of ceramics. Its diverging angle is 25 deg, and its exit plane diameter is 52 mm. The arcjet thruster is installed in a 1.2-mdiameter, 1.5-m-long cylindrical stainless-steel vacuum chamber, which is evacuated at 10,000 L͞s by a pumping system consisting of two diffusion pumps, a roots blower, and a rotary pump. A background pressure of 0.3 Torr is maintained during operation. Argon-gas flow is regulated by a thermal mass flow controller.
The performance characteristics of the arcjet derived from direct thrust measurement with the various discharge currents at a mass flow rate of 0.12 g͞s are listed in Table 3 . The thrust was measured with a load and displacement transducer mounted upon a thrust stand. The transducer sensed the thrust along the thruster axis. It was calibrated with a pulley-and-weight system in vacuum. The mean velocity at the exit plane, which was derived from the ratio of the measured thrust and the propellant mass flow rate, is included in Table 3 to facilitate comparison with the velocity measured with the diode-laser absorption technique.
Results and Discussion
Measurements were performed at mass flow rates from 0.06 to 0.30 g͞s with discharge currents from 100 to 180 A. The operating conditions of the arcjet are listed in Table 4 , in which the specific input power, Q in , is defined by the following equation:
where I is the discharge current of the arcjet ͑amps͒, U is the discharge voltage ͑volts͒, and ṁ is the gas mass flow rate of the arcjet ͑kilograms per second͒. Figure 3 shows an example of each of the four signals recorded simultaneously by an oscilloscope at each measurement. Each trace consists of 10,300 data points; only 0.1% is shown. Trace 1 is the temporal variation of incident laser intensity I 0 . Trace 2 records the transmission signal through the argon discharge tube I t . Trace 3 shows a record of the FP etalon transmission signal I FP , and the top trace displays the transmission profile of the oblique probe laser beam I . We obtained the absorption profiles by deriving the differences between the incident laser signal and the transmission signals, I 0 Ϫ I t and I 0 Ϫ I , respectively. A three-parameter Gaussian lineshape fit is made to each laser absorption profile to derive its line center and transition FWHM. Figure  4 shows the reduced profiles as a function of recording time.
The time-based profiles are converted into frequency-based profiles by a comparison with the frequency spacing of the FP etalon fringes shown in Fig. 5 . From the time-based spacing of the FP Fig. 2 . Cross-sectional view of the arcjet thruster. Dimensions are in millimeters. 
where ⌬v pϪp is the FP etalon's peak-to-peak frequency with the value of 3.75 GHz as used in this study.
The time-based Doppler shift ⌬v t and the transition FWHM ⌬v D,t of the plume absorption profile can then be converted into the frequency-scaled Doppler shift ⌬v and transition FWHM ⌬v D by the following equations:
Examples of these frequency-based profiles are shown in Fig. 6 . The velocity and temperature are derived from Eqs. ͑10͒ and ͑12͒. Figure 7 shows measured plume velocity and specific impulse characteristics for various operating conditions. The solid curves show plume velocity, and the dashed and dashed-dotted curves denote the specific impulses of the arcjet. The velocity ranges from 1062 to 2308 m͞s, corresponding to a Doppler shift from 0.65 to 1.42 GHz. The measured velocity and the specific impulse, as shown in the figure at a mass flow rate of 0.12 g͞s, agree with the results derived by the direct thrust measurement ͑Table 3͒. The velocity and the specific impulse increase with the specific input power and the mass flow rate. Note that their rate of increase at a low mass flow rate is less than that at a high mass flow rate. This is so because the chamber background pressure causes a relatively large velocity decrease at a low mass flow rate.
The estimated uncertainty in the measured velocities is less than 10% over the entire range, as determined by the following equation:
where x and y are the orthogonal measurements of the laser beam's position that define the angle . The uncertainty in each of these measured distances is less than 2%, whereas the uncertainty in the Doppler shift is ϳ6%, owing mainly to the width of the laser line-to-peak position, the error in peak position that is due to Gaussian fit, and the noise in the measured signals. 27, 28 The thrust efficiency T is defined as the quotient of total thrust power F divided by the electric input power:
which, with Eq. ͑14͒, simplifies to
As shown in Fig. 8 , the highest mass flow rate resulted in both the highest thrust efficiency and the highest specific impulse. At a fixed mass flow rate the thrust efficiency decreases with increasing specific impulse. This indicates that the increased energy from the electrical input power at a fixed mass flow rate does not contribute to the thrust or the kinetic energy. As we discuss below, that energy is converted to heat the plume and to increase the total enthalpy of the flow out of the nozzle, in agreement with the results of Refs. 1, 5, and 8.
Translational temperatures are obtained from the FWHM by use of Eq. ͑12͒. The widths are derived from Eqs. ͑15͒-͑17͒ and are 2.19 -3.28 GHz. The temperature ranges from 2750 to 6140 K. Figure 9 shows measured plume temperature variations with specific input power. The temperature increases with specific input power and with mass flow rate. This trend is the same as that obtained in other measurements by laser-induced fluorescence spectroscopy 3 and by emission spectroscopy. 7 The uncertainty in translational temperature T is directly related to the FWHM ⌬v D because the other parameters can be taken as constants in Eq. ͑12͒ and is determined from the following equation:
As we discussed above, the FWHM is a convolution of several broadening mechanisms. Its uncertainty is expected to stem mainly from the broadening that is due to the plume divergence of the flow, the coupling of the Doppler broadening and the Stark broadening, and noise in the absorption signal. The uncertainty in the width is estimated to be ϳ12%, and the total uncertainty in translational temperature with a range of 2000 -10,000 K is estimated to be less than 30%. 29 The total enthalpy of the arcjet plume is the sum of the kinetic energy and the enthalpy of all species in the plume. Because an arcjet plume is usually a weakly ionized plasma, as discussed above, the contributions of ionized particles and electrons are neglected in this study. The total enthalpy of an argon plume, h T , is then given by the following fitting equation 30 :
for argon neutral gas. Here V and T are measured velocity ͑meters per second͒ and translational temperature ͑degrees Kelvin͒, respectively, and R Ar is Fig. 8 . Thrust efficiency versus specific impulse. Fig. 9 . Measured translational temperature of the plume versus specific input power.
the gas constant for argon, with a value of 0.2079 ͑kJ͞kg͒͞K.
Combining the temperature and the velocity measurements, we derive the total enthalpy ͑Fig. 10͒. The total enthalpy increases with specific input power at a fixed mass flow rate, consistent with the results derived for thrust efficiency versus the specific input power. The highest total enthalpy is obtained with the largest mass flow rate. This result is interpreted to be related to the phenomenon that heat loss to the anode is reduced with increased mass flow rate. Indeed, in Refs. 1, 6, and 8 it was shown that the anode temperature decreases as the mass flow rate increases at a fixed specific input power.
The thermal efficiency of the arcjet is defined as the ratio of total enthalpy to specific input power:
As plotted in Fig. 11 , this thermal efficiency increases with the mass flow rate and decreases with the specific input power, consistent with the results derived in Ref. 1, in which the thermal efficiency was estimated from the energy balance of the input power and the heat loss to the cooling water.
Summary and Conclusions
A diode-laser absorption technique was introduced here for simultaneous measurement of velocity and temperature of an argon arcjet plume. The velocity and temperature are derived from the Doppler shift in the absorption profile and the full width at halfmaximum of the same absorption profile. The transmission through an argon discharge tube is taken to give the reference peak position, and a Fabry-Perot etalon is used to provide reference frequency spacing. From the measured velocity and temperature, the specific impulse and the total enthalpy of the plume are determined and the thrust efficiency and the thermal efficiency of the arcjet are estimated.
Measurements were performed at mass flow rates of 0.06, 0.12, 0.24, and 0.30 g͞s with discharge currents of 100, 140, and 180 A in a 3-kW-class watercooled arcjet. The Ar I absorption line, with a center wavelength of 811.531 nm, was applied in plume diagnostics. The plume velocities and temperatures ranged from 1062 to 2308 m͞s and from 2750 to 6140 K, corresponding to Doppler shifts from 0.65 to 1.42 GHz and Doppler widths from 2.19 to 3.28 GHz, respectively. The data presented here indicate that plume velocity, temperature, and total enthalpy increase with both mass flow rate and specific input power. The thrust efficiency and the thermal efficiency of an arcjet increase significantly with mass flow rate but decrease with specific input power, suggesting that increasing the specific input power at a certain mass flow rate could not result in increasing the flow velocity.
The applicability of the diode-laser absorption technique to the diagnostics of an arcjet plume has been demonstrated. The procedures for the spectroscopic measurements and data processing described here are quite simple, and the results obtained are consistent with those obtained by other measurements. Therefore this technique is a convenient and useful tool for measurement of plume velocity and temperature and evaluation of arcjet performance. A further study to determine the atomic-number density and to improve measurement precision is under way.
